Structural and thermal expansion studies of Li 2 ZrO 3 were carried out by recording X-ray powder diffraction patterns at ®ve temperatures, 82, 198, 300, 423 and 573 K. The Rietveld re®nement method was used for the analysis. There were large anisotropic changes in the lattice parameters as a function of temperature, slight changes in the fractional coordinates of the different atoms, and anisotropic changes in the interatomic distances between the different cations. The correlation of these anisotropies with the structure is considered.
Introduction
Li 2 ZrO 3 ®nds importance in the electrochemical ®eld, since it is both an ionic conductor and one of the ternary oxides that are thermodynamically stable against Li (Hellstrom & Van Gool, 1981) . Moreover, Li 2 ZrO 3 is considered as a strong candidate for tritium breeding in a D±T (deuterium±tritium) fusion reactor (Alvani et al., 1997; Billone, 1996) . The structure of Li 2 ZrO 3 has been determined previously by X-ray diffraction, but only the Zr and O atoms were located (Dittrich & Hoppe, 1969) . Later, using neutron pro®le re®nement, Hodeau et al. (1982) located the Li ions and solved the structure in space group C2/c. There was some evidence of disorder of the Li ions and even that the true symmetry may be lower than that dictated by the C2/c space group. The present work was carried out in order to observe the effect of higher and lower temperature on the details and mechanism of the structural changes.
X-ray diffraction experiments and analysis
Powder X-ray diffraction pro®les were recorded using a Philips X'pert MPD diffractometer with Bragg±Brentano parafocusing geometry and graphite-monochromated Cu K radiation. A ®xed divergence slit of 0.25 and a receiving slit of height 0.1 mm were used. Soller slits of 2.3 were used in both the incident and the diffracted beams. Data were collected over the range 10 2 95 in 0.02 steps with a counting time of 10 s. The data were collected at ®ve different temperatures, 82, 198, 300, 423 and 573 K, under a vacuum of 10 À6 torr. The chamber used for high and low temperatures is of the type TTK 450 with a TCV100 temperature controller, which gives accuracy in measured temperature of the order of AE 0.1 K (below 93 K, < AE0.5 K). The observed diffraction angles were calibrated using LaB 6 as standard reference material.
Least-squares structure analysis was carried out by ®tting the observed data using the Rietveld-based computer program FULL-PROF (Rodriguez-Carvajal, 1997). The pseudo-Voigt function, proposed by Thompson et al. (1987) , was used as a pro®le shape function. From Fig. 1 , showing extracts from the diffraction patterns for the three temperatures 82, 300 and 573 K, it can be seen that peak shifts and peak broadening are index-dependent.
Structural refinements
The structural parameters obtained for Li 2 ZrO 3 by Hodeau et al. (1982) were used as starting values for our re®nements. The scale factor and the background parameters were re®ned ®rst, then the zero shift, lattice parameters, peak pro®le, atomic positions and displacement parameters, isotropic for Li and O and anisotropic for Zr ions (symmetry restrictions mean that only the displacement parameters U 11 , U 22 , U 33 and U 12 need be used). Re®nements were carried out from the data sets at all ®ve temperatures. The re®nements involved 115 independent Bragg re¯ections. The weighted Bragg R values were 0.067, 0.046, 0.053, 0.047 and 0.051 at 82, 198, 300, 423 and 573 K, respectively. Fig. 2 shows the results of the ®nal Rietveld ®t to the diffraction pattern recorded at room temperature.
Analysis of thermal expansion results
Table 1 presents the lattice parameters and cell volumes obtained from Rietveld re®nements for the diffraction patterns of Li 2 ZrO 3 , at 82, 198, 300, 423 and 573 K (the same results are plotted in Figs. 3 and 4). As can be seen in Fig. 3 , the thermal expansion is markedly anisotropic. A notable feature is the negative thermal expansion of b below room temperature, leading to a near zero or possibly even negative volume expansion in the same temperature range. The
Figure 1
A part of the diffraction pattern of Li 2 ZrO 3 , at 82, 300 and 573 K. variation of the cell volume with temperature is shown in Fig. 4 , together with a ®tted polynomial. Table 2 includes thermal expansion coef®cients for the temperature intervals 82±198, 198±300, 300±423 and 423±573 K, and also for two major ranges of temperatures: range I 82±300 K and range II 300±573 K. The thermal expansion coef®cients are, in general, large in range II and smaller in range I. They take their largest values along the [10 " 1] direction, and the next largest along [100] , which is the nearest crystallographic axis to [10 " 1]. If we consider the crystallographic axes, we can see from Table 2 that the thermal expansion coef®cient is the largest along the a axis and the least along the b axis in both temperature ranges.
From this analysis, one can conclude that the thermal expansion is least in the bc plane of the monoclinic cell. This might be expected to imply large binding forces and correspondingly small atomic vibrations within this plane, and indeed this is what is observed. The variation of the anisotropic displacement parameters of the Zr atom (U 11 , U 22 and U 33 ) with temperature is shown in Fig. 5 . The trend of U 11 with temperature is similar to the trend of the thermal expansion along the [100]. This may suggest that the thermal expansion along [100] is purely a phonon contribution, since U factors are totally based on a phonon hypothesis. On the other hand, correlating the trend of U 22 and U 33 along [010] and [001] directions with the trend of the thermal expansion along the same directions, one can conclude that the thermal expansion along these two directions is not completely due to phonon contributions. To explain this discrepancy we have to correlate these ®ndings with the anisotropic structural parameter changes with temperature, discussed in the next section.
Heiba and El-Sayed Li 2 ZrO 3 635 short communications Table 1 The unit-cell parameters a, b and c (A Ê ) and ( ), and cell volume V (A Ê 3 ), obtained from Rietveld re®nements for Li 2 ZrO 3 at different temperatures. 
Figure 3
Variation of the lattice parameters a, b and c of Li 2 ZrO 3 with temperature. 
Figure 2
Rietveld re®nement of Li 2 ZrO 3 at room temperature.
Figure 5
The re®ned anisotropic displacement parameters U ij for the Zr ion at different temperatures.
Figure 4
Variation of the unit-cell volume of Li 2 ZrO 3 with temperature.
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Correlation of changes in structural parameters with thermal expansion
The ®nal positional coordinates obtained from the Rietveld re®nements are given in Table 3 . These fractional coordinates vary little with temperature, except that the coordinates of O(2) at 82 K are different by several standard uncertainties (y larger, x and z smaller) from their values at the other temperatures. If we consider the changes in the interatomic bond lengths and angles, we observe anisotropic variations between different temperatures. As examples, the bond lengths ZrÐO(2) and Li(1)ÐO(1) decrease, whereas lengths ZrÐO(1) and Li(1)ÐO(2) increase from 82 to 300 K. Also, the bond angles O(1)ÐZrÐO(2) and O(2)ÐZrÐO(2) decrease, while O(1)ÐZrÐO(2) and O(2)ÐZrÐO(2) increase between 82 K and room temperature. The differences at low temperatures (82 K) represent signi®cant distortion, which means that at these temperatures ( 82 K) changes are not caused by thermal effects alone, but also arise from residual stresses caused by the thermal expansion anisotropy and contraction in the lattice. This anisotropy will have a great effect on the thermal movement of the different atoms, specially the lighter ones (O, Li) . This is con®rmed by the change in the angle as seen in Table 2 . Decreasing the temperature increases such stresses and distortion (El-Sayed, 1965) . From this discussion one may suggest that the thermal contraction at low temperature is not completely due to phonon contributions, but is also caused by distortion and disorder inherited by the structure. A similar suggestion has been made by Sayetat et al. (1998) , who attributed the negative expansion at low temperature of the crystals he studied to the non-phonon contribution resulting from ordering. Many crystals of oxides display negative expansion along one or more axes at low temperature. Sometimes a negative expansion occurs at high temperature, as in ZrMo 2 O 8 (Mittal et al., 1999) .
To correlate the thermal expansion with structures one has to examine the projection of the atoms on certain faces. The projection on the (10 " 1) plane of octahedra containing Zr and Li is shown in Fig.  6 . By inspecting this projection, one can see that the atomic stacking layers of the triangular face of the octahedron are all parallel to each other and nearly parallel to the (10 " 1) plane. Accordingly the [10 " 1] direction is nearly normal to the stacking layers and since the strength of bonding between the layers is small (mostly van der Waals forces), then the expansion is expected to be maximum in this direction. The nearest axis to the direction [10 " 1] is [100], and it showed the next largest relative expansion. The [010] and [001] directions are located in the plane of the atomic layers, and since the binding force between the atoms in the plane is strong, the expansion along these axes must be small or sometimes negative.
Figure 6
Projection of the Zr (unmarked) and Li (marked) octahedra on the (10 " 1) plane.
Table 3
Values of the re®nable atomic coordinates of Li 2 ZrO 3 obtained from Rietveld re®nements at different temperatures.
In the Li 2 ZrO 3 structure (space group C2/c) Li(1), Li (2) and Zr are at 0, y, 1 4 (Wyckoff 4e), O(1) is at 1 4 , 1 4 , 1 2 (4d) and O(2) is at x, y, z (8f ). (37) 
